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RADIATION DETECTORS AS SURVEILLANCE MONITORS™
Paul E. Fehlau and Edvard J. Dowdy

Los Alamos National Laboratory
Los Alamos, New Mexico

ABSTRACT

The Intermational Atomic Energy Agency (IAEA)
proposes to use personnel dosimetry radiation
detectors as surveillance monitors for safeguards
purposes. It plans to place these YES/NO
monitors at barrier penetration points declared
closed under IAEA safeguards to detect the
passage of plutonium-bearing nuclear material,
usually spent fuel. For this application, we
surveyed commercially available dosimeters as
well as other radiatiou detectors that appeared
suitable and likely to be carketea in the near
future. Wwe found no primary sévantage in a
particular detector type Seczuse in this
application backgrounis vary c¢uring long counting
intervals. Seconcéarv ccnsiderations specify that
the m. titor bde inex;=nsive ané easy to tamper-~
groof, interrcgate, anc =zirtain. On this basis
we selected ragic:motclucinesce~r. thermolumines-
cent, and eleczr:- iz dosimeters as possible
cuzine mcniters; tne latter twi may prove useful
<r cdata-tase acquisition. -
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ISTRODUCTICY

For unatteaded surveiiiance of barrier
penetrations, the IaZa curisgtly uses Toshiba”
Zlass radiation dosimel=rs enclosed in a
—etal seal tro dezect unceclared movement of
safeguarde¢ nuclear caterial, especially
irraciated fuel elements. The glass
raciophotolucirescent (APL) dosimeters are
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simple, compact, low cost, and tamper-indicating
(when used in a seal). Eecause these dosimeters
may no longer be available in the future, the
IAEA authorized us, under the U.S. Program for
Technical Assistance to IAEA Safeguards, to
evaluate alternative candidates.

SURVELLIANCE MONITORING

Surveillance monitoring for IAEA safeguards
requires that a monitor be easily installed,
retrieved, and read, and that it survive long
periods (up to one year) of operation without
maintenance or external power. Thus, passive,
solid state, or chemical dosimeters have a
distinct advantage over cthers, such as
electronic dosimeters, that require line power.
At present, monitors do not record a time-history
during operation, but simply integrate data for
an entire monitoring period.

In & surveillance monitor, the criterion for
deteccing diversion is to compare a monitoring
period measurement with a level derived from
previous experience under backyground conditions.
The optimal choice for setting an alarm level
uses the maximum average backygroynd expected at a
location plus an increment that is large enough
to provide an acceptably low false alarm rate.
The icvel ghould be well above the mean, ?erhaps
by as much as a factor of five, as Schaer
recommends in his evaluation of RPL monitors. In
_any event, the detection criterion will be that
the incoming signal plus the normal backgruund
must exceed some multiple of the expected
buckground.

We examined the impact of radiution detectors
on menitor performance by looking mory clesely at
tiwe detection criterion, Denoting the detected
sipnal during a diversion by 8, the background
for the menitoving period by 8, and a multiplier
nsed to determine the alarm level by M, an alarm
condition existe when

B+ B> ME,



-L TE€ET=S oI ne pissaze rarareters v for
velccity, r. for <distance ¢f closest approach,
z-2 the ssurce zérm €S- \cdetected count rate &t
a .-= distance , th- Zelectud siznal S during
rassage at unif.r= wvelocity is
-S.

s = r-v -
Scbstituting for S, we can state the —inirum
Zetecticn critericn as

T-v T 3=¥3 .,

Sclving for the detectic~ range r,, we have
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The detection rarge is usciul as a measure of
perfor=ance; the oonitor with the highest
detection range is best. The range improves when
ti.e velocity decreases, when the multiple of
background decreases, or uvhen changes in
deteciors are made that increase the signal
without corresponding increzses in background.

Ir. general, an iacrease in detezctor efficiency
has no beneficial effect because it increases
background and signal by the same factor. This
result is ir sharp contrast to other safeguards
Donizor requirements where the background is well
%aown, or its history is foliowed, allowing an
alara level derived from the standard deviation
to be used.

Bazkground-following monitcrs signal a
civersion when a current measurenent excceds a
continuously updared background count by a
reltiple of the standard deviation of the
backgrour.d. Th2 alarz condition can be stated as

S+B>Be+ T .

ahen the monitor sample interval is long
enough to detect a diversion 12 a singie count,



-

has no benef cial effect because it increases
background ard signal by the same factor. This
result is in sharp contrast to other safeguards
oonitor requirements where the background is well
«nown, or its history is followed, allowing an
alarm level derived from the standard deviation
to be used.

Background-following monitors signal &
Géiversion when a current measurement exceeds a
coatinuously updated background count ny a
rultiple of the standard deviation of the
background. The alarm condition can be stated as

3¢
S+ 3>B+ MB” .
ien the conitor sacple interval is long
enough te detect a diversion ia a single count,

the detected signal is again

S~

anc¢ the detection range 1is

To '
in thils case there i€ sn advantage in chocsing
the hignest efliciency de.ecrtor because
irzrrvesent Lo Zetecicr eifficilency extends the
ToletlL ot oruaze w=uEn htugh signeEl znd facrgrousnc
LoimE w o oal. L. ~TTE ITOROrilen.  we fonciude
t2al Ior lcng term surveillance monltering whers

bacxgtound following logic or long term recording
¢f data 1is nor used, the efficiency of cne
detector relative to another is not an important
selection criteria.
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LAJIATICH JETECTORS

ith no clear vptizization zoal to restrict
<rch, we looxed at sll of the cosmercially
abie pe-sonnel dositeters that seerned
usizaSle for a vear i>nz, unattended mcaitoring
eriad and that were ccmpact, simple, low-cost,
=é -a-pcr-xnulca.-“j. in che process we found a
»w dcsizezers wich unicueiy attraccive
c-aracteristics that seecad tc ba nearing
-cc=ercial availability and inciuded them in our
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we began tne survey by exacining the RPL
si:e:ers and p'cceeind to look at thermo-

inescent cosimezers, filz badges and ion
amaers, pno:ocheh1-al dosimeters, superheated
éatectors, electronic pocket cesiceters, and
Setezzors. A brief description of each
or cetectcr tvpe and how it reets the
eseats for surveillance monitcring fcllows.
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Jgacs —inescent Jcsineters

Tae IAZAa's presexnt surveilliance =—onitoring
zzchnique uses RWL dosireters that luminesce
wnder uliravioler (uv) radiation after exposure
o ioaizing raciatioc.? Absorpi.ion bands in
the near uv range are formed during irradiation;
during reaccut interrogatiorn, illumination in
trat band ,rouuces lucinescence prcportional to
it.e irraciation cose. The readout process does
ot destroy the absorption blnas. thus, repeated
readings _=ay be usec to verl.y an initial reading
¢cT to increase the precision of the readout
result.



irop datectors, electronic pocket cosimeters, and
other detectors. A brief description of each
iosizeter or detector type and how it ceets the
rzquirements for surveillance monitoring follows.

aadiozhozcluminascent Dosimeters

The IAZA's preseat surveillance rmonitoring
techaique uses RPL dosimeters that luminesce
under ultraviolet (uv) radiation after exposure
to ionizing radiation.2 Absorption bards in
the near uv range are formed during irradiation;
éuring readout interrogation, illumir ation in
itat band zroduces luminescence prcportional to
the irraciation dose. The readout process does
=ot destrov the absorption bands, thus, repeated
readings may be used to verify an initial reading
Zr .0 increase the precision of the readout
result.

Other acva=tages of the RPL dosiketer are its
i1 size reiative o octher dosizezers (Fig. 1),
X of power reguirements, e&se of tamper-

ng, and reiative freecom Iro= signal

. T-e RPL cosizetrer is sensitive to gamma
ica ané can be made neutron seansitive wien
witn external converters cr irternal

X5 Cr scatterers.
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a2at Cr uv raciaticn; nmorecver, their small size
zakes it easy to shield them from radiation
curing a diversion.



cent (TLD) dosimeters trap
tates during irradiation;
w tre trapped energy 1is
during the reading process.

[,

al dosimeters commonly use LiF or CaF
cntain activators. Lithiuz~fluoride may be
used for Zamma-ray or neutron dosimetry. Neutron
dosiretry is carried out by comparing calibrated
aatural LiF ckhips with TLiF ciips, which have
megligible neutron sensitivity. Lithium-fluoride
¢osimeters can either be purchased directly or
srcvided by a dosimetry service.

TLDs are small, vrich makes them easy to
azper-prcof and permits multiple chips to be
used for precision or reliability. The
dosirceters require no power, are inexpensive, and
can be provided by a dosimetry service, which
recuces the cost of monitoring. TLD dosimzters
hsve two major drawbacks: latent exposures are
€rased by heat and their smallness makes it easy
to shield them from radiation during a diversion.

Film Badges and Ion Chambers

Cormon personnel dosimeters based on
photcgraphic film and electrostatic charge
collection are unsuitable for the IAEA
application for a number of reasons.® Charge
leakage limits the ion chamber to short duration
measurements. Film is expensive, requires an
inordinate amount of time and effort to read, is
not reusable, and blackens on exposure to light,
extreme heat, pressure, and chemicals. Moreover,
the latcat image fading rate increases in a warm
humid environmezt, such as would be the case for
irradiated fucl surveillance.

Photochemical Dosimeters

Photochemical dosimeters are practical for
surveillance monitoring in the f.rm of paver or



Common personnel dosimeters based on
photographic film and electrostatic charge
collection are unsuitable for the IAEA
application for a number of reasons.* Charge
leakage limits the ion chamber to shurt duration
measurements. Film is expensive, requires an
inordinate amount 2f time and effort to read, 1is
not reusable, and blackens on exposure to light,
extrene heat, pressure, and chemicals. Moreover,
the latent image fading rate increases in a warm
humid eavironment, such as would be the case for
irradiated fuel surveillance.

Photochemical Dosimeters

Photochemical dosimeters are practical for
surveillance monitoring in the form of paper or
sheets impregnated with colorless precursors of
a hignly colored, stable organic dye.5 These
are relatively high level dosimeters; those
now a\a11ab1e have a :threshold nf perhaps
5 x 10% R. Thney can be used whereve the
signal 1s large, for example, from recently
irradiated fuel. Thicker photochemical
dosimeters with a lower threshold would improve
thelr usefulness for the IAEA application.

fhoteochermical dosinmecers have the advantages
1osd igw cest, and the carability of
E ~.re IhLE7 OnC . 10elr ;.....'..ba KsS
aTw 1 .:l L.ew are cestroyeé by exposure to light
or neat, are easily sh1e1ded because of their

small size, and sre not reusable.



Superheac2d Drops 2a2tectors

A new tachnigque that may apply to
c ictoring us2s bubble chamber
nciples.? S5=all suparheated drops are
soersad and Imanbilized i1n a zel host medium.
adlatisn-induced nucleation destroys oaly the
erhaated drop 1a which it occurs. The total

m2asare of the radiation exposure and can bde
determined Zroa the packet deasity. The
Zosimezer seases Zast neutroas (1-10 MeV) and
zazma ravs above 6 M2V, making it suitable for
monitoring irradiatad fuel that has been freshly
dischargzed.

Superheated drop detectors (SSDs) have
potentially iow background because they are only
sensitive to energetic radiation. Other
ajivant232s are: they require no power, can be
2asilv read out, are difficult to shield because
of high energy nevtron and gamma-ray sensitivity,
=an be read serially at selected intervals, and
have selective sensitivity to freshly irradiated
fuzl. Anticipated drawbaciis are their
s2asitivity to heat, to mechanical disturbances,
and 0 outgassing oI the host gel medium.

Elactroaic Pocxket Dosimeters

Pocketr dosimeter and electronic-film badge
are termas that apply to small battery-operated
radiation instruzeats used %) measure and
announca the presence ofwa cesvain dose or dose
rate of gaz=a radiation.’»$ Currently, they
are usec to detect potentially dangerous
racdiation fields or to act as t-mely personnel
dosimeters in lower dose rate situations.

Pocket dosizaters basically consist of a
radiation detector; electronic circuitry to
detect and accumulate dose increments; a display
mechanisa; and a szmall, sometimes rechargeable,
dattery power source. A Geiger-Mueller (G4) tube
ic the comccn rzdiation detector used in pocket
dosinmetry because it is small, simple,



Electroaic Pocket Dosimeters

Pocket dosizmeter and electronic-film badge
are termas that apply > small battery-operated
radiation instruaenrs used to measure and
announce the presence of a certain dose or dose
rate of zax-a radiation.’»d Currently, they
are used £o detect potentially dangerous
raliacion fields or to act as timely personnel
dosizeters in lower dose rate situations.

Pocket dasizeters basically consist of a
radiation dezectar; electronic circuitry to
detect and a:zcumulate dose increments; a display
oechanisa; z2aé a s_all, soaetimes rechargeable,
hHattery power saurse. A Geiger-Mueller (GM) tube
is the comzon rz iia:ion detector used in pocket
dosizatry decause it 1s small, simple,
inexpensive, ané has modest power requirements.

The G counter respsase m@imics tissue dose
résponse S¥ means of thin lead shieiding that
aduzes its inordéiaately high sensitivity to low
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2naT3v pactons.  2ower reqasreme1:s Zor pocket
Z3sizazers zan de =iaisized by using low power
#2358 (zomzlem2ntarr metal-oxide semiconductor)
circuizzy 2nd a powar supzly that only functions
whan nasdzd,  “fanuvfacturars have claimed a six-
% iif2ti~e Zor alkaline batteries ir low
Izsizmzzers, Row2ver, Zeplovzeat in such
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2peration. 1ehnar5eaale batteries could be
used, but if thev are constantly charged wi-hout
periodic deep discharge they can btecome
conditioned and fail to supply higher levels of
power when it is needed.



We have described in detail the
characteristics of commercial pocket dosinmeters
eleevnere.10 The gen=ral chraracteristics that
=axe electronic dosiceters goocé candidater for
surveillance monitoring are tha: they are
relatively inexpensive, litctle fected by
environmental hazardés, easy to read, iomune to
cose biildup or decay, and reusadle. The main
5azai1s to electronic dosimeters is damage to
circuit boards caused by mechaniczl shock, salr,
or corrosive atmosphere.!l Battery failure can
cause loss of data unless a separate barkup
tattery for preserving mexnry is used.
Micronhonic noise and occasicnal noisy detectors
are other drawbacks in long ter: monitorirg with
rocket dosimeters.

Alternative Detectors

Otnher possibilities for IAta surveillance
monitaring are more elaborate eiectronic nuclear
radiation monitcrs and thermal radiation
detectors. lnfrared heat sensors are available
in szali, inexpensive units that include
cetection losi.c.12 These could be used with
additional recording circuitry to detect the
;assage of recently discharged irradiated fuel at
high tecperatures.

More e¢lzborate electronic monitors have beer
deveiozed {~r IAEA monitoring applications where
a tiwe-history of radiation intensity is
desired.l3 Such a time-histery could be used
for more scusitive surveillanie monitoring where
righ count rates that result from diversion wvould
appear in the cata against the background at the
time. It is possible to detect sh:elding of this
tvpe of monitor dy a relstive Jdecrease iu the
recorded count rate. This method for recording

ize-histories couléd be implerented by designing
an instruxsent similar to the pocket do.imeter but
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investisated appear in Tible II. At present
there seems to be no advantage o replacing the
P, dosimeters for lAZA surveillance menitoring,
except that rontinued corrercial ava ability of
the cosizeters is ot assurec. 7LD dosiceters
ire a reasonable alternative, particularly if a
cosimetry service is used, whichk would elimirate
the need 20 read the dosimeters at the IAEA
headquarters. ino:her alternative is electroric
dusimelers, but they wuuld involve a larger
initial expense than TLDs and require a
r--asonably large mainienance efiort.

Surveillance monitoring could be improved by
@ duveiuplabl of &6 1ALLTuRent C.aC0 FeCsfisn a
4T tLal eircctronicalliy ..l a-
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Lal4,ro.ns and detects significant chaares. iz
tnis case i is i-pcrtant to se.ect a sensitive
etellsT i 3s floilue~icaide o dismuth-
cUITAnAle tE1 gl ).



Jevelspmeat 91 ¢ new instru—a2at for TAEA
zrv2illaace moaitering requires nore
>mprenensiv2 ininrma”ion aidut signa.s and
zzxground, which can onlr Se cainad by
experiance. Such a Zata base ¢o:ld easily dSe
canstructed {rom =2asurements wizh TLD or
zizctronic dusizezers.
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Dosinater Cormerical Radiation
_Ivpe Availability Reuse Detected _
RPL questionable yes gamma
7LD yas yes gazna/neutron
ion yes yes ganaa
{hazber
rheteo- ves no gamma
chezical
furerheited rasearch ne neutron
Drop
Elertreade vas ves gaTA
Large research vep ki -alncutren
f.arirenic

Range Doae

—(R)
1073 - 10°

10.-

Readout
Meang

readar

salf

self or
readar

ptrip
chart

Fading
siight

rodarate

high

questicnatlsa

none

nene



Trer=ail
Tar

ateve 400'C

a:eve 230'C

¢zta lcm

nuC.¢cezion

0'C - &%
crerating
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Zffects

Oprtical

dzta less

increaczed
eXposure

ne

Mcchanical
~Effecrs

surface
abrasien

nucleatien

dazage,
nicrophenics

Fower
Recuireseng

no

1.0

an

Yed

Advantaces Dravbacks
sxall, unavailable,
no power, read at 1AEA,
fits ia seal shieldable
coxnmercial ther=al
service, erasure,

s=all, shieldadla
no power
easily read leakage

kigh
eposure
range

petential
ef lew
tackground,
casily read,
hard te
shield

eaglly read,
few hazards

time-histery
erhancas
BEnFIToVITY

shieldatl

unsvaliatle

bart.ry
failure,
micrephonics,
may need
repalr

not
cerzarciaily
* availat.e



